A bore-hole seismic experiment was carried out in Deep Sea Drilling Project Hole 504B, in the Costa Rica Rift area of the east Pacific. In this experiment the clamped bore-hole geophone was deployed deeper into oceanic crust (542 m) than in any previous seismic experiment. Comparison of travel-time data for the geophone at two depths in the hole and an ocean-bottom hydrophone demonstrates clearly the advantages of bore-hole receivers in interpreting shallow crustal structure in the presence of a sediment layer (in this case, 275-m thick). The lowest velocity directly detected by the ocean-bottom receivers was 5.11 ± 0.18 km/s, compared to 4.59 ± 0.09 km/s for the geophone clamped at 52 meters into basement. A velocity model of the upper crustal structure consistent with the travel-time data at all three levels was constructed. The scatter in observed Layer 2 velocities can be explained by sampling different parts of the same velocity-depth structure and does not require lateral inhomogeneity. As in previous oblique seismic experiments, no evidence for anisotropy was found from travel-time analysis.
INTRODUCTION
The objective of the bore-hole seismic experiment was to determine the small-scale velocity structure of the crust penetrated by the drill hole (< 10-km radius). Anisotropy, attenuation, and lateral inhomogeneity were considered as aspects of the velocity structure. A description of previous oblique seismic experiments (OSE) can be found in Stephen (1979) , Stephen, Louden, and Matthews (1979, 1980) , and Stephen, Johnson, and Lewis (in press ).
In the Leg 70 OSE, only travel time-data were acquired in the bore-hole and particle-motion analysis of anisotropy (Stephen, 1981) , and attenuation measurements could not be made. Amplitude information on ocean-bottom hydrophones (OBHs), which were also deployed in the area, was inconsistent between lines, and no amplitude analysis was carried out. The travel-time data were interpreted by the slope-intercept method, and no anisotropy was observed.
THE EXPERIMENT The Leg 70 OSE was carried out in Hole 504B, in the Costa Rica Rift area. The significant depths in the hole are shown in Table 1 . Three ocean-bottom hydrophones (Koelsch and Purdy, 1979) were also deployed, as shown in Figure 1 . The shot locations for the geophone at 52 and 542 meters into basement with OBHs and for the OBHs alone are also shown. Shot sizes ranged from 7 to 27 kg. The shooting ship was the R/V Gillis.
DATA REDUCTION AND INTERPRETATION
Because the reflection-profiling data are too sparse to permit compilation of a sediment-thickness map, the travel times were corrected for topography, assuming that basement contours follow bathymetry (Fig. 2) . (The sediment thickness at the bore-hole is 275 meters.) The travel-time plots and topography are shown in Figure 3 , and the results of the slope-intercept analysis are given in Table 2 .
The lowest measured velocities (Layer 2B) for the deep and shallow geophone positions and OBHs were significantly different, and the corresponding energy was interpreted to have come from different depths. This will be discussed further below; however, it is important to note that even for the same receiver geometry there is wide scatter in the Layer 2B velocities, which suggests variations due to lateral inhomogeneity or sampling and experimental error. The scatter cannot be explained by azimuthal anisotropy or by dipping refractors. In contrast, the velocities for Layer 2C were consistent for all receivers, and Layer 2C seems to be a continuous refractor in the area. Except for the northeast line shot to OBH 8, all the OBH values are consistent with a 6.44 km/s, flat, laterally homogeneous, and isotropic refractor.
The velocity-depth structure in basement was determined by trial-and-error forward modeling of the traveltime data for each receiver, averaged over all azimuths. A rigorous r-p inversion (Bessonova et al., 1974; Garmany et al., 1979; Orcutt, 1980; Dorman and Jacobson, 1981) was not carried out, because these methods require an estimate of the uppermost velocity. The pur- pose of this work was to determine the shallow velocity structure, so, rather than assuming an uppermost velocity, it was assumed that the velocity structure consisted of constant-gradient segments (Fig. 4) . (Amplitude analysis of other data sets has shown that oceanic crustal structure is modeled better by constant-gradient segments than by constant-velocity layers [Helmberger and Morris, 1969, 1970; Orcutt et al., 1976; Stephen et al., 1979] .) The travel-time analysis carried out here is, in a sense, intermediate between the traditional approach (i.e., determining the velocity and thickness of constantvelocity layers from straight-line segments through the observed data) and the modern approach (i.e., r-p inversion of the time-distance pairs). We have identified two distinct line segments on the travel-time curve, corresponding to seismic Layers 2B and 2C in oceanic crust (Houtz and Ewing, 1976) . The problem is to determine the gradients and uppermost velocities in each layer which generated the observations. This was accomplished by calculating the timedistance curve for a postulated velocity-depth structure, reducing this synthetic data set to slope-intercept values in the same manner as the observations, and then comparing the synthetic and observed values. The procedure was repeated, modifying the postulated structure, until agreement was obtained between synthetic and observed values for all receivers. In determining the slope-intercept values for the synthetic curves, it was assumed that data points were present every 0.1 km, and the same range windows were used as for the observed data. The Layer 2C analysis was carried out assuming the "best" solution for the Layer 2B structure. Figure 5 shows the velocity-depth models used, and Tables 3 and 4 compare the model and observed values. Note that the confidence limits (67%) for the model values are the standard limits from the linear-regression analysis of the computed curves, which are not straight lines (e.g., Fig. 6 ). These limits are computed in the same manner for both the observed and synthetic data sets. They are larger for the observed data because the observed points have scatter due to the experimental errors . The estimated error for relative times is ±0.025 s, not including the effect of unknown basement topography; the estimated error for ranges is ±24 meters. The limits for OBH 8 are larger than for the other receivers (allowing for the number of data points) because of a problem in the tape recording process which introduced more uncertainty into the travel times.
It was possible to explain the observed Layer 2B velocities on the bore-hole receivers and OBH 8 by a single gradient. The best solution from this method was a gradient of 1.5 s~l from a surface velocity of 4.4 km/s to a depth of 1 km into basement. It was necessary to invoke two gradients to explain the observed Layer 2C arrivals: a gradient of 0.73 s~1 for another 1.2 km (Layer 2C), and below this a gradient of 0.02 s~1 (Layer 3). This structure is consistent with all observations except the Layer 2B velocities and intercepts on OBHs 3 and 4 and the Layer 2C intercepts for OBHs 3 and 4. These values will be sensitive to unknown sediment thickness at large ranges from the hole. Travel-time curves for the "best fit" structure are compared with the data in Figure 6 .
DISCUSSION
The structure near Site 504 contrasts sharply with the observed structure in the ROSE (Rivera Ocean Seismic Experiment) area (Ewing and Purdy, in press) which is about the same age (<6 m.y.). In the ROSE area, the shallowest gradient is about 3.0 s~1, with an upperbasement velocity of 2.8 km/s. It is tempting to speculate that the high-velocity crust is found under sediment ponds, and that where there is no sediment the uppercrust velocities are very low. Assuming that the crust in the east Pacific formed with the same initial crack distribution, it appears that a sediment layer above the crust encourages consolidation of cracks. Figure 6. Travel-time curves for the best model in Figure 5 compared to the observed data. The reduction velocity is 6.0 km/s. A. Shallow geophone. B. Deep geophone. C. OBH 8.
